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Morphogenetic gradient of Hh is tightly regulated for correct patterning in Drosophila and vertebrates. The Patched (Ptc) receptor is
required for restricting Hh long-range activity in the imaginal discs. In this study, we investigate the different types of Hh accretion that can
be observed in the Drosophila embryonic epithelial cells. We found that, in receiving cells, large apical punctate structures of Hh (Hh-LPSs)
are not depending on the Ptc receptor-dependent internalization of Hh but rather reflect Hh gradient. By analyzing the dynamic of the Hh-
LPS gradient formation, we demonstrate that Hh distribution is strongly restricted during late embryonic stages compared to earlier stages.
We demonstrate that the up-regulation of Ptc is required for the temporal regulation of the Hh gradient. We further show that dynamin-
dependent internalization of Hh is not regulating Hh spreading but is involved in shaping Hh gradient. We found that Hh gradient modulation
is directly related with the dynamic expression of the ventral Hh target gene serrate (ser) and with the Hh-dependent dorsal cell fate
determination. Finally, our study shows that, in vivo, the Hh/Ptc complex is internalized in the Rab7-enriched lysosomal compartment in a
Ptc-dependent manner without the co-receptor Smoothened (Smo). We propose that controlled degradation is an active mechanism important
for Hh gradient formation.
D 2004 Elsevier Inc. All rights reserved.
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Morphogens are secreted peptides that control pattern
formation and growth during development. Cells differ-
entiate in response to morphogen signaling depending on
their position within the gradient. In spite of considerable
interest in morphogen gradients, the problem of how they
form and how they are temporally regulated has not been
resolved.
Hh family peptides are signaling molecules that elicit
their developmental functions through both short- and long-
range activities (Jeong and McMahon, 2002). The morph-0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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(P.P. Therond).ogen Hh and its vertebrate counterpart, Sonic Hedgehog, are
posttranslationally modified by a cholesterol adduct. In
Drosophila, the cholesterol moiety is responsible for Hh
assembly in large punctate structures (LPSs), allowing its
apical secretion and controlled movement through the
segmental field (Gallet et al., 2003). The palmitic mod-
ification that has been identified on residue Cys85 of Hh is
not necessary for LPS formation (Gallet et al., 2003). Also,
accretion of Hh in LPSs is not only a consequence of its
membrane association. Indeed, when the cholesterol binding
site of Hh was replaced with a glycosyl–phosphatidylino-
sitol anchoring signal or with a transmembrane domain, no
Hh-LPSs were assembled (Gallet et al., 2003). Hh-LPSs
might correspond to multimers of Hh as large soluble
multimers of cholesterol-modified Shh or Hh have been
identified in conditioned media of vertebrate and insect
cells, respectively (Zeng et al., 2001; A.G. and P.T,
unpublished data).277 (2005) 51–62
A. Gallet, P.P. Therond / Developmental Biology 277 (2005) 51–6252After being secreted Hh binds to the cell surface
receptor Ptc. Ptc contains 12 transmembrane domains
and essential residues also present in the bacterial proton
gradient-driven transmembrane transporters of the resist-
ance, nodulation, division (RND) family (Taipale et al.,
2002). In the absence of Hh, Ptc inhibits the activity of the
serpentine protein Smo. Upon Hh binding on Ptc, Smo is
activated and initiates activation of an associated protein
complex, composed of the kinesin-like Costal2, the serine/
threonine kinase Fused, and the transcription factor Gli/CiFig. 1. Hh-LPSs are not consequent to the Ptc-dependent internalization of Hh. (A
stained for Ptc (red) and Hh (green), enGal4 UAS-hh embryo raised at 258C (C)
embryo (D) stained for the basolateral marker Neurotactin (Nrt, red) and Hh (green
A and B, respectively. Panels A, C and D show anteroposterior sections of one segm
(stars) are identified by their intense basolateral Hh staining. Panel B shows a left–
anterior Hh receiving cells. In wild-type embryos, both Hh and Ptc colocalize in lar
Hh-LPSs are apical to Ptc and Crumbs staining (thin arrows in A–D). In absence o
Note that small cytosolic dots of Hh staining are still visible in absence of Ptc (a(Lum et al., 2003; Robbins et al., 1997; Ruel et al., 2003).
Consequently, Ci dissociates from the complex and trans-
locates into the nucleus to regulate genes controlling cell
growth.
The Hh receptor Ptc has been previously shown to be
also required for Hh sequestration, restricting Hh long-
range diffusion (Briscoe et al., 2001; Chen and Struhl,
1996). However, it is still not known how Ptc exerts its
restrictive effect on Hh movement. It has been shown
recently that late endosomal sorting is essential for Hh–D) Confocal x/z sections of early stage 11 wild-type embryos (A and B)
stained for the subapical marker Crumbs (red) and Hh (green), and ptc16
). In all x/z panels, apical is up. (AV–AU and BV–BU) Separated channels from
ent as illustrated by the double-head arrow in inset in A. Hh expressing cells
right section (at the position indicated by the double-head arrow in inset) of
ge cytoplasmic vesicles inside the Hh receiving cells (thick arrows in A–BU).
f Ptc protein, there is an apical accumulation of Hh-LPSs (thin arrows in D).
rrowheads in D). This was observed on 20 independent x/z sections.
A. Gallet, P.P. Therond / Developmental Biology 277 (2005) 51–62 53signaling. In vertebrate cell culture, prior to Shh treatment,
Ptc and Smo colocalized in the endocytic compartment
(Incardona et al., 2002). Importantly, Shh triggers the
segregation of the two proteins after they have reached the
late endosomal compartment. The Shh/Ptc complex is then
targeted to the lysosomal compartment.
When segregation of Smo from the ligand–receptor
complex is inhibited by antibodies that block the sortingFig. 2. Temporal regulation of the Hh distribution. Apical x/y confocal sections o
ubiquitously expressing an activated form of Notch receptor (NIntra) and confoca
mRNA (red, A and E), ser mRNA (red, C and G), En protein (blue, A and E), Hh
(B, F, and J) Plot analysis using ImageJ software of apical Hh distribution throu
channel from I. While Hh-LPSs spread throughout the entire segment of stage 10 e
surrounding the hh/En expressing cells (arrows in E). Analysis of Hh-LPS distr
(compare B and F). Restriction of Hh-LPS movement correlates with the appea
Overexpression of NIntra did not change the level nor the slope of the Hh gradient
stage 10 (A and C) compared to stage 11 (E and G), but both the level of hh transc
(labeled by stars in D and H) are similar at both stages. In all figures, anterior isactivity of late endosome, Shh signaling is blocked in chick
embryo explants (Incardona et al., 2002). From this, a model
has been proposedwhere Ptc inhibits Smo only when both are
in the same compartment (Incardona et al., 2002). Because
key residues for bacterial transporter activity of the RND
family are also essential for Ptc activity, it has been suggested
that Ptc might transport a small molecule that would regulate
Smo in a catalytic manner (Taipale et al., 2002).f wild-type stage 10 (A–C) or stage 11 (E–G) embryos or (I–K) embryos
l x/z sections of stage 10 (D) or 11 (H) wild-type embryos stained for hh
protein (green, A, C, D, E, G, H, and I), and Nrt protein (red in D, H, and I).
ghout the segmental field shown in A, E, and I, respectively. (K) The Hh
mbryos (arrows in A), their distribution is restricted during stage 11 in cells
ibution highlights the increasing slope of the Hh gradient during stage 11
rance of ser expression at distance from Hh producing cells (C and G).
(I–K). Note that the overall level of Hh-LPS in receiving cells is higher at
ription (in red in A and E and inset) and of Hh production in secreting cells
to the left.
A. Gallet, P.P. Therond / Developmental Biology 277 (2005) 51–6254Here we report the visualization of the Hh gradient during
embryonic development and make the distinction between
different types of Hh accretion. We found that presence of
Hh-LPS at the apical side of Hh receiving cells is not a
consequence of Ptc-dependent internalization whereas more
basal accretions correspond to Ptc/Hh internalized complex.
We further demonstrate that the slope of the apical Hh-LPS
gradient is dynamic during embryogenesis. This regulation is
depending on Hh internalization by Ptc in a dynamin-
dependent manner and correlates with the expression of the
target gene ser and with the dorsal cell fate determination.
We provide evidence that distribution of Hh-LPS is regulated
by trafficking of the Hh/Ptc complex into the lysosomal
compartment positive for Rab7.Materials and methods
Drosophila stock and genetic experiments
ptc16 and hhAC are null alleles. UAS-Rab7-GFP was
described in Entchev et al. (2000),UAS-ptc-m7 was obtained
from M. Van Den Heuvel. UAS-Notchintra was a gift from F.
Schweissguth. UAS-hh M1 and M4 were obtained from P
Ingham.UAS-shiDN (named bmoderate levelQ) was described
in Moline et al. (1999). Other stocks were obtained from
Bloomington. Ectopic expression of transgene was done
using the Gal4–UAS system (Brand and Perrimon, 1993) at
258C. The strains hhAC, 69BGal4/TM3 Sb, and hhAC, UAS-
Rab7-GFP/TM3 Sb carrying recombinant chromosome were
obtained by classical genetic techniques.
Immunostaining, in situ hybridization, and cuticle
preparation
Embryos preparation for fluorescent GFP analyses
were dechorionated in 12% bleach for 3 min, washed
with water, and then fixed in 4% formaldehyde in PBS/
heptane for 15 min. Embryos were then devitellinized in
ethanol 80%/heptane prefrozen at 208C. Embryos wereFig. 3. Ptc internalization is involved in the temporal regulation of the Hh gradient.
hh embryo, (H–J) enGal4 UAS-ptc embryos, (L–O) ptcGal4 UAS-shiDN embryos.
(A–C and H) or hh mRNA (D). In green: Hh protein (D, H, L, and N). (A–C) Fo
sections. (N and NV) x/z confocal section; (NV) shows the single Hh channel. (F, G, J
of type 2 cuticle while domains of type 3 denticle is outlined by black dots. (E
throughout the segments shown in (D, H, and L), respectively. During stage 10
segment (A). During stage 11, Ptc is gradually up-regulated (indicated by white st
with the appearance of ser expression (B and C). Note that Ptc up-regulation is w
ser. In ptc null embryos, Hh is almost evenly distributed in the entire segment (D a
also induced in this embryo. In the dorsal epidermis of such embryos (F), type 2 c
embryo in K). Similar phenotype is observed in embryos ubiquitously expressing H
movement away from the source (arrows in H), increasing the slope of the Hh
cuticles of these embryos display a restricted type 2 domain (compare J and K). In
cells (N and NV) and is evenly present in the segment (L and N). Note the evenly
Ptc-dependent Hh internalization does not affect the range of Hh movement (L and
reduced at the expense of type 3 denticles (O).finally extensively washed in absolute ethanol and then
sequentially rehydrated before processed for immunostain-
ing. Cuticle preparation, immunostaining, and mRNA in
situ hybridization were performed as described in Gallet
et al. (2003). Antibodies were used at the following
dilution: mouse 4D9 monoclonal anti-Engrailed at 1/20
(Developmental Studies Hybridoma Bank University of
Iowa); mouse Cq4 monoclonal anti-Crumbs at 1/50
(Developmental Studies Hybridoma Bank University of
Iowa); mouse 5E10 monoclonal anti-Ptc at 1/200 (Strutt
et al., 2001); mouse JB10 monoclonal anti-Nrt at 1/400
(gift from A. Le Bivic); rabbit bCalvadosQ polyclonal anti-
Hh at 1/200 (Gallet et al., 2003); rat anti-Smo at 1/500
(Denef et al., 2000); and alkaline phosphatase coupled
anti-Fluo at 1/500 or anti-Dig at 1/1000 (Roche manu-
factory). Fluorescent secondary antibodies were used at
1/200 for Cy5-conjugated goat anti-mouse and Texas-red-
conjugated goat anti-rat (Jackson laboratory). Secondary
biotin conjugated were used at 1/1000 (Jackson labora-
tory). Streptavidin Alexa Fluor 488 conjugated at 1/200
(Molecular Probes) and streptavidin rhodamine Red-X-
conjugated at 1/100 (Jackson laboratory) were used to
amplify Hh immunostaining. Red fluorescent in situ
hybridization were obtained using the Vector Red Alkaline
Phosphatase Kit (SK5100, Vector Laboratories). The ptc
null embryos were identified by their ectopic En expres-
sion. The hh null embryos were identified by the
Rab7GFP expression.
Image capture and treatment
Fluorescent imaging was obtained from a Leica DMR
TCS_NT confocal microscope. For all confocal images, the
magnification is 1260 (63 objective and numeric zoom
2), except in Figs. 3A–C where magnification is 800 (40
objective and numeric zoom 2). Images in Figs. 2A, C, E, G
and 3D, H are projections of two confocal cross sections
located apically for the first one (Hh and Ptc channels) and
at the level of the nucleus for the second one (ser, hh, and
En channels). For plot analyses of Hh gradient formation,(A–C and K) Wild-type embryos, (D–F) ptc16 embryos, (G) 69BGal4 UAS-
In blue: Ptc protein (A–C, H, L, and N) or En protein (D). In red: ser mRNA
cal extensions from confocal views. (D, H, and L) Confocal x/y subapical
, K, and O) Dorsal cuticles of first instar larvae: scale bars indicate the width
, I, and M) Plot analysis using ImageJ software of apical Hh distribution
, Ptc is weakly and evenly expressed in the anterior compartment of each
ars) from A2 to A7 segment (B and C). Up-regulation of ptc is concomitant
eaker in thoracic T3 and abdominal A1 segments (B), which do not express
nd E). Note that ectopic En/hh expressing cells (labeled with white stars) are
ells type differentiate at the expense of type 3 cells (compare with wild-type
h (G). Ectopic expression of Ptc in Hh-producing cells decreases Hh-LPSs
morphogen gradient (I) and allowing expansion of ser expression. Dorsal
Shi-DN expressing embryos, Ptc is present at the apical side of ectodermal
distribution of Hh-Ptc colocalizations (arrows in L, N, and NV). Absence of
M) but disrupt the gradient of Hh-LPS (M). In this embryos, type 2 cuticle is
A. Gallet, P.P. Therond / Developmental Biology 277 (2005) 51–62 55two x/y confocal images done apically with a step of 1 Am
were stacked and then analyzed using ImageJ software.
Embryos in Figs. 2A and E or C and G were respectively
issued from the same experiment and treated in a similar
manner and thus have comparable fluorescence level.
Images of embryos shown in Figs. 5A and B were also
treated similarly. Rab7 colocalizations, in Figs. 4 and 5,were analyzed by confocal sections performed deeper in
cells around the nucleus (between 1 and 4 Am under the
apical surface). Percentage of colocalization was done by
counting pixel intensity using the histogram function of
PhotoShop software. The intensity threshold was arbitrary
defined at 180. Counting were performed on 2 x/y sections
per embryo with a 1-Am step on a total of 10 independent
A. Gallet, P.P. Therond / Developmental Biology 277 (2005) 51–6256embryos. Colocalizations in Figs. 4C and L were performed
using PhotoShop software.Results and discussion
To distinguish the several types of Hh accretion that can
be observed in the ectodermal cells, different markers were
used. We previously showed that, in the secretory cells
[engrailed (en) expressing cells], cytosolic punctate staining
of Hh colocalizes with a secreted Green Fluorescent Protein
at least initially in the cell secretory machinery (Gallet et al.,
2003). Hh accretions are also distributed very apically in
expressing cells. Indeed, we found that their position is
more apical to Crumbs (Tepass et al., 1990), which is
localized in the subapical complex close to the top of the
cells (Fig. 1C). We previously referred to these accretions as
Hh-LPSs. We had showed that Hh-LPS formation depends
on Dispatched (Disp) activity and on the presence of the
cholesterol modification on Hh and that Hh-LPS movement
depends on specific proteoglycans at the cell surface (Gallet
et al., 2003). Similar apical localization of Hh-LPS is also
observed in the receiving cells (Figs. 1A–C). Additionally,
more basal cytosolic Hh accretions are observed in receiving
cells (Figs. 1A–C) and are frequently associated with Ptc
(arrows in Figs. 1A and B). In ptc mutant embryos, these
accretions disappeared, while apical accumulation of Hh-
LPS is observed (Fig. 1D). This suggest that large
cytoplasmic Hh accretions reflect internalization of the
Hh/Ptc complex after ligand–receptor binding. It also
suggests that the presence of Hh-LPS is not consequent to
Ptc binding or to internalization with Ptc, in contrast to what
has been suggested by Han et al. (2004) when analyzing Hh
punctate particles in the wing disc. Also, one have to notice
that small cytosolic Hh staining is still visible in absence of
Ptc in receiving cells (Fig. 1D, see also Fig. 5C).
Altogether, our data show that it is possible to
distinguish three different types of Hh accretions: (1)
apical Hh-LPSs representing the state of Hh before
internalization; (2) more basal cytosolic accretions that
are strictly depending on the presence of Ptc and represent
internalization of the ligand/receptor complex; (3) Ptc-
independent cytosolic Hh particles that might correspond
to internalization of Hh independently of its known
receptor. Although this needs to be confirmed with specific
endocytic markers, similar observation was recently
published (Torroja et al., 2004).
We propose that LPSs reflect Hh functional gradient
since their range correlates with the expression of targetFig. 4. Ptc and Hh colocalize in Rab7-containing vesicles. Confocal x/y sections of
D, and F), Ptc (blue in A, B, D, and E), and Smo (red in J and K). Rab7-GFP is in
in A. Panel K and L are enlargement of the white square shown in J. Panels C and
overlap between Smo and Rab7-GFP in K, respectively. (G–I) Single channel from
the Hh present in Rab7-GFP vesicles colocalized with Ptc (thick arrows in B–I, s
marked by Rab7-GFP (thin arrows in B, D, and F–I). Finally, 53% of Ptc/Rab7-
colocalization between Smo and Rab7-GFP was observed (arrowheads in K andgenes (see below) and because their assembly and move-
ment depends, respectively, on two genes, disp and tout
velu, necessary for Hh activity (Gallet et al., 2003).
Temporal formation of Hh-LPS gradient
During Drosophila embryonic development, hh is
activated by the selector gene en in two rows of cells in
the posterior compartment of each segment (Figs. 2A and
E). In the embryonic ectoderm, Hh is thought to elicit
pattern formation through short-range activity by inducing
two different signal relays anterior and posterior to its
source of expression (Hatini and DiNardo, 2001). In
addition, our previous observations suggested that Hh
movement encompasses more than one or two cells from
the source of Hh (Gallet et al., 2003). In order to study Hh
gradient, we choose to analyze the distribution of the apical
Hh-LPS. Secreted Hh-LPSs are easily detectable at a
distance from its source and cover apically the entire
segmental field during stages 9 and 10 of embryogenesis
(Figs. 2A and C). Interestingly, we observed that although
the level of hh mRNA expression is similar in stages 10
and 11 (insets in Figs. 2A and E), the Hh gradient appeared
to be spatially restricted from stage 11 onward, Hh-LPSs
being more restricted to the vicinity of the secreting cells
(Figs. 2E and G). We confirmed this observation with a
plot analysis of Hh-LPS apical distribution within the
segment (Figs. 2B and F). At stage 11 and later, the slope
of the Hh-LPS gradient is steeper compared to earlier
stages suggesting that Hh movement becomes restricted.
Alternatively, this could be due to a decrease in Hh protein
stability. Moreover, we do not think that the restriction of
Hh distribution observed at stage 11 could be consequent to
a decrease in the rate of Hh-LPS formation nor to a
different apicobasal localization of Hh-LPS at this stage.
Indeed, Hh-LPSs in the secreting cells at stages 10 and 11
seem similar in their density and subcellular localization
(Figs. 2D and H).
To determine whether the restriction of Hh-LPS distri-
bution correlates with the expression of Hh target genes, we
analyzed the regulation of ser, which is expressed in the
most distant cells from the Hh source (Alexandre et al.,
1999; Wiellette and McGinnis, 1999). Ubiquitous over-
expression of Hh during stage 11 and later stages
completely abolishes ser expression whereas absence of
Hh allows expansion of ser expression (Gallet et al., 2003).
Further analysis showed that the main repressor of ser
expression is Hh (AG and PT, unpublished data); thus, ser
represents a good marker to follow Hh long-range activity.ptcGal4 UAS-rab7-GFP early stage 11 embryos stained for Hh (red in A, B,
green in all panels. Panels (B–I) are enlargements of the white square shown
L show the overlap between Hh, Ptc, and Rab7-GFP staining in B and the
panel B showing Ptc, Rab7, and Hh, respectively. Ninety-seven percent of
ee also Table 1). However, 31% of Ptc- and Hh-containing vesicles are not
GFP vesicles do not contain Hh (arrowheads in B, D, E, G, and H). Little
L). Scale bars in A and G correspond to 8 Am.
A. Gallet, P.P. Therond / Developmental Biology 277 (2005) 51–62 57Wild-type ser expression begins at the end of stage 10 and is
clearly visible at stage 11 when Hh-LPS distribution is
strongly restricted (Figs. 2C and G). This suggested that serexpression and the presence of Hh-LPSs are mutually
exclusive and that limiting Hh-LPSs movement accounts
for increased ser expression (see also below).
A. Gallet, P.P. Therond / Developmental Biology 277 (2005) 51–6258Patched up-regulation is necessary for the temporal
formation of Hh-LPSs gradient
How does Hh distribution become restricted? Since Ser is
a ligand for Notch activation (Fleming, 1998), the Notch
pathway may be involved in this process by restricting Hh
movement in ser expressing cells. We tested this hypothesis
by constitutively expressing an activated form of Notch
(Alexandre et al., 1999) during embryogenesis. In these
embryos, the slope of the Hh gradient is comparable to that
observed in wild-type embryos, suggesting that Hh move-
ment was not modified (Figs. 2I–K).
We then investigated whether the Hh receptor Ptc might
restrict Hh movement. ptc expression is dynamic during
embryogenesis. First, it is transcribed at low levels through-
out the anterior compartment of each segment from stages 3
to 10 independently of Hh activity. But during the stages 10–
11 transition, Hh signaling up-regulates ptc transcription in
cells juxtaposing the Hh source (Hidalgo and Ingham, 1990).
Ptc protein levels follow the same dynamic expression as ptc
mRNA, and its up-regulation is clearly visible at the
beginning of stage 11 (Capdevila et al., 1994) (Figs. 3A–
C). However, we observed that during stage 11 when Hh-
LPS distribution is restricted, Ptc up-regulation appeared
sequentially from segment A2 to A7. Importantly, ser
expression follows the same temporal expression pattern
(Figs. 3B and C). ser starts to be expressed only in segments
where Ptc is up-regulated. Furthermore, in the thoracic and
A1 segments where Ptc up-regulation is reduced, ser cannot
be detected (Wiellette and McGinnis, 1999) (Fig. 3B).
To confirm that Ptc is involved in the temporal restriction
of Hh movement, we analyzed Hh distribution in ptc mutant
embryos and in embryos expressing ptc in en/hh cells. In ptc
null embryos, the Hh gradient is impaired and Hh-LPSs
distribution was found to be extended throughout the entire
segment without restriction (Figs. 3D and E). Previous results
already showed that, in such embryos, ser expression is
totally repressed (Wiellette and McGinnis, 1999) in a manner
similar to that seen under ubiquitous Hh expression (Gallet et
al., 2003). Note that the ectopic hh expressing source present
in ptc mutant (star in Fig. 3D) might also contribute to the
broad distribution of Hh. When Ptc is expressed in en/hh
expressing cells, the range of Hh-LPSs movement is limited
to the vicinity of the producing cells (Fig. 3H). This effect is
not due to a diminution of hh expression since it has been
shown that Ptc does not affect hh transcription (Schuske et al.,
1994). Hence, Ptc might directly affect Hh-LPS range of
action. Indeed, the slope of the Hh-LPSs gradient decreased
sharply (Fig. 3I) compared to wild-type stage 11 embryosFig. 5. Ptc targets Hh to the degradation in Hh-responsive cells. Wild-type (A–B
rab7-GFP (D and DV) embryos. (AV, BV, CV, and DV) Enlargements of squares shown
GFP in green. In D, Ptc is in red and Rab7-GFP in green. In Hh, receiving cells
vesicles (arrows in AV) compared to wild-type stage 11 embryos (arrows in BV, see
vesicles in Hh receiving cells (CV). Note that Hh is still internalized in receiving cell
targeting to Rab7 vesicle occurs independently of the presence of Hh (arrowhead
ectopic En cells.(Fig. 2F). Interestingly, in these embryos, ser expression was
extended correlating with the absence of Hh-LPS away from
the source.
To evaluate the contribution of Ptc in the formation of the
Hh morphogen gradient, the dorsal cuticle differentiation
was also analyzed. It has been proposed that secretion of Hh
from type 1 cells promotes the differentiation of adjacent
type 2 and more distant type 3 cells in a concentration-
dependent manner (Heemskerk and DiNardo, 1994) (Fig.
3K). In ptc loss of function, type 2 cells expand at the
expense of type 3 cells (Fig. 3F) as if more cells reached a
high level of Hh signaling. Similar phenotype was displayed
in hh overexpressing embryos (Fig. 3G), suggesting that
when most responding cells received a similar high amount
of Hh they respond uniformly to it. In both cases, the slope
of Hh-LPSs gradient is very gentle (Fig. 3E).
When ptc was expressed in en/hh cells, the width of type
2 cell domain was restricted (Fig. 3J) whereas type 3
cuticles were still present. This suggested that only cells
adjacent to the Hh source received a level of Hh sufficiently
high for type 2 differentiation whereas other cells received a
lower Hh level reflected by type 3 differentiation. This
correlates with the increased Hh-LPSs gradient slope we
observed in these embryos (Fig. 3I).
Taken together, our results extend previous finding made
in the imaginal disc (Chen and Struhl, 1996) and in
vertebrate neural tubes (Briscoe et al., 2001) by suggesting
that Ptc shapes the Hh gradient in a dynamic manner,
limiting Hh-LPS diffusion through the developmental field
at a precise stage. Hence, by up-regulating its own receptor,
Hh modifies the slope of its gradient. We do not yet
understand why up-regulation of Ptc is detected only at
stage 11 and not earlier when Hh signaling is already
activated. This remains to be elucidated.
Temporal regulation of Hh gradient is necessary because
signaling requirements for Hh change in a time-dependent
manner. One can suggest that, during early development, Hh
acts at long range due to moderate levels of Ptc. Hh would
easily overcome repression by the low concentrations of Ptc
protein to prime a subset of ectodermal cells at a long
distance to make them competent to respond to other
signals. At later stages, Hh distribution is restricted and
allows expression of ser and acts over a short range to
induce rhomboid, both genes being necessary for ventral
denticle specification (Hatini and DiNardo, 2001).
It appears that temporal regulation of Hh movement is an
evolutionarily conserved mechanism since similar observa-
tions to our own were reported for vertebrate development.
For example, during the chick limb patterning, Shh actsV), ptc16; 69BGAL4 UAS-rab7-GFP (C and CV) and hhAC, 69BGAL4 UAS-
in A, B, C, and D, respectively. In A–C, Hh is in red, En in blue, and Rab7-
of stage 10 wild-type embryos, Hh is rarely associated with Rab7 positive
also Table 2). In absence of Ptc, Hh is no more present in Rab7-containing
s in absence of Ptc although at less extend (compare BVwith CV). Finally, Ptc
s in DV) with a similar rate (see Tables 1 and 3). Stars in C and CVindicate
A. Gallet, P.P. Therond / Developmental Biology 277 (2005) 51–62 59
Table 2
Hh, Rab7 colocalization in wild-type stage 10 embryos
Hh Hh/Rab7
Total of pixels 30376 340
Percentage of Hh 1.1
Table 1
Pixel counting and percentage of Hh, Ptc, Smo, and Rab7 colocalization in wild-type stage 11 embryos
Hh Ptc Smo Hh/Rab7 Hh/Ptc Ptc/Rab7 Hh/Ptc/Rab7 Smo/Rab7
Total of pixels 54020 115604 46714 4808 6681 9783 4647 709
Percentage of Hh 8.9 12.4 8.6
Percentage of Ptc 5.8 8.5 4
Percentage of Smo 1.5
A. Gallet, P.P. Therond / Developmental Biology 277 (2005) 51–6260through a two step mechanism, first at long range to
determine a region of competence for differentiation of
digits then acting at short range by inducing a relay signal
required to specify digit identity (Drossopoulou et al.,
2000). It would be interesting to analyze the dynamics of the
Hh gradient in this model.
Dynamin-dependent internalization of Hh is not regulating
Hh spreading but is involved in shaping Hh gradient
To know if endocytosis of Hedgehog is required for the
shaping of its gradient, we tried to block endocytosis of
Hh by expressing the dominant negative form of Droso-
phila Rab5 (Rab5-DN; Entchev et al., 2000). Unfortu-
nately, overexpression of Rab5-DN did not induce any
cuticular phenotype (data not shown). We also analyzed
the phenotype displayed by embryos overexpressing a
dominant negative form of the Drosophila Dynamin
shibire (Shi-DN, from Moline et al., 1999). When Shi-
DN is expressed in all Hh-receiving cells, Hh spreading is
not restricted and Hh is distributed in all ectodermal cells
(compare Figs. 3L and M to 2E and F). Thus, formation of
the Hh-LPS gradient is affected and Hh-LPS distribution is
not restricted anymore at stage 11. Consequently, no
modulation of Ptc expression is observed anymore at this
stage (Fig. 3L).
Furthermore, we found that reducing the dynamin-
dependent internalization of Hh and Ptc increases the
colocalization of both proteins at the apical side. More Ptc
is now present apically compared to wild-type cells as if Ptc
turn over at the plasma membrane was affected (compare
Figs. 3N with 1A).
When we analyzed the dorsal cuticle of such embryos,
we found that type 3 denticle domain expands, suggesting
that Hh signaling is not impaired and Hh movement is not
restricted (Fig. 3O). Similarly, lack of shi in wing disc cells
does not affect Hh signaling nor restrict its movement (Han
et al., 2004; Torroja et al., 2004). However, in the
embryonic dorsal ectoderm, high level of Hh signaling
seems to be impaired when endocytosis is blocked since one
row of type 2 cells is missing in the Shi-DN expressing
animals (Fig. 3O).
Altogether our data suggest that endocytosis of Hh and
Ptc is needed to restrict Hh distribution in the ectodermal
field and to shape Hh gradient. We hypothesized that
regulation of Ptc turn over at the plasma membrane is
important in this process.Ptc targets Hh to Rab7-enriched compartments
In Drosophila imaginal discs, the Hh/Ptc complex is
internalized in endosomes (Martin et al., 2001). Electron
microscopy studies have also suggested that Ptc is present in
multi vesicular bodies (Capdevila et al., 1994). We noticed
that much less Hh staining was detected in en cells that
overexpressed Ptc (Fig. 3H). Thus, we explored the
possibility that Ptc could shape the Hh gradient by
triggering its degradation.
In order to investigate whether Ptc can shuttle Hh to late
endosomes and lysosomes, we used a Rab7 GFP-tagged
construct as a marker for lysosomal targeting from the late
endocytic compartment (Entchev et al., 2000; Zerial and
McBride, 2001). We expressed the Rab7 construct in all Hh-
receiving cells to monitor the putative presence of Hh and
Ptc in the lysosomal compartment. Overexpression of Rab7
did not induced any phenotype suggesting that it does not
affect the trafficking of Hh or Ptc to lysosomes (data not
shown).
Confocal x/y sections at the basolateral level (Fig. 4A;
see also Materials and methods) showed that an average of
8.5% of total Ptc (Figs. 4B, E, G, and H) and of 8.9% of
total Hh (Figs. 4B, F, H, and I) colocalized with Rab7 (Table
1). Interestingly, most vesicles (96.7%) containing both Hh
and Rab7 were also positive for Ptc (Figs. 4A–I, thick
arrows). In contrast, vesicles containing both Ptc and Hh
were not always positive for Rab7 (thin arrows in Figs. 4B,
D, F, G, and I), probably corresponding to early endosomal
vesicles immediately after Hh internalization by Ptc (see
also Figs. 1A–B). We also analyzed Hh subcellular local-
ization in embryos lacking ptc expression. Interestingly, in
the absence of Ptc, no Hh was present in Rab7-containing
vesicles (Figs. 5C and CV), strongly suggesting that Hh
targeting to the lysosome is strictly dependent on Ptc.
Because level of Ptc varies from stages 10 to 11, we also
wondered if Hh colocalization with Rab7 vesicles was
temporally regulated. During stage 10 of embryogenesis, Hh
is only weakly localized in Rab7 vesicles (about 1.1% of
total secreted Hh signals; Figs. 5A and AV; Table 2) while its
Table 3
Ptc, Rab7 colocalization in hhnull embryos
Ptc Ptc/Rab7
Total of pixels 43883 5159
Percentage of Ptc 11.8
A. Gallet, P.P. Therond / Developmental Biology 277 (2005) 51–62 61colocalization with Rab7 increased later during stage 11 (up
to 8.9%; Figs. 5B and BV; Table 1). Thus, our analysis of
Hh/Rab7 colocalization correlates with the increased Ptc
expression at stage 11 and with the change in Hh gradient
slope observed at this stage (Figs. 2 and 3).
From these data, we made several other observations that
are worthy to mention. First, it is interesting to note that
even in the absence of Ptc, some Hh staining is still detected
in receiving cells (Fig. 5CV and arrowheads in Fig. 1D),
suggesting that some Hh internalization still occurs in the
absence of Ptc as suggested in a recent report (Torroja et al.,
2004). These and the few percentage of Ptc/Hh colocaliza-
tions suggest that another Hh receptor might be involved in
Hh internalization. Second, we observed the presence of Ptc
in Rab7 vesicles without Hh (arrowheads in Figs. 4B, D, E,
G, and H). These Ptc-Rab7 vesicles were present in cells
located close or away from Hh source, suggesting that Ptc
might be internalized and targeted for degradation inde-
pendently of Hh, as previously shown in vertebrate cultured
cells (Incardona et al., 2002). Accordingly, analysis of the
subcellular localization of Ptc by x/z series showed that Ptc
was mostly present in internal punctate structures (Figs. 1A–
B), suggesting that turnover of Ptc at the plasma membrane
is very high as previously proposed (Capdevila et al., 1994;
Strutt et al., 2001).
We confirmed this data in vivo by analyzing Ptc and
Rab7 in hh null embryos (Figs. 5D and DV). The
colocalization between Ptc and Rab7 (11% of total Ptc in
Table 3) in hh mutant embryos is similar to wild type,
confirming that Ptc targeting to lysosome is independent of
the interaction with its ligand. This also suggest that Hh
binding to Ptc does not significantly enhance its transport to
the lysosomal compartment, which is in contrast to
observations in vertebrate cultured cells (Incardona et al.,
2002), but confirms a study showing that ligand stimulation
does not appear to control receptor turnover in Drosophila
(Jekely and Rorth, 2003).
Taken together our results suggest that after Hh binding
to Ptc, the Hh/Ptc complexes are targeted to a lysosomal
compartment. In the wing disc, similar observation was
published during the course of this study (Torreja et al.,
2004). Moreover Ptc appears to be constitutively internal-
ized and degraded independently of its binding to Hh.
Likewise, in vertebrate cultured cell, Ptc is constitutively
transported to lysosomes and degraded. In conclusion, our
data suggest that, as in the case of Wingless gradient
(Dubois et al., 2001), controlled degradation is an active
mechanism for Hh gradient formation and Ptc plays a major
role in this process.No significant amount of Smo is present in the
Rab7-enriched compartments
It has been reported that in Hh receiving cells, the co-
receptor Smo is stabilized at the plasma membrane while, in
the absence of Hh, Ptc exerts its repressive activity on Smo
by destabilizing it (Alcedo et al., 2000; Denef et al., 2000;
Ingham et al., 2000). However, no clear mechanism has
been demonstrated for Smo destabilization. We explored the
possibility that Ptc might target Smo to lysosomal compart-
ments. Thus, we analyzed the possible presence of Smo in
Rab7-containing vesicles. We only found very little
colocalization between Rab7 and Smo in cells close to hh
source, or further away (an average of 1.5% of total Smo,
see Table 1 and arrowheads in Figs. 4J–I). Thus, these data
suggest that the Hh/Ptc-dependent regulation of Smo
stability does not principally involve a lysosomal targeting
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